The primary objective of this study was to evaluate the effect of specific direct and indirect factors that accounted, in trauma patients, for the development of acute respiratory distress syndrome (ARDS) and mortality in patients with ARDS.
AbsTrACT background
The primary objective of this study was to evaluate the effect of specific direct and indirect factors that accounted, in trauma patients, for the development of acute respiratory distress syndrome (ARDS) and mortality in patients with ARDS. Methods We performed a retrospective cohort study of patients from the National Trauma Data Bank. Multilevel mixed-effects logistic regression was used with the development of ARDS as the primary and mortality in patients with ARDS as the secondary outcome measures. We compared trauma patients with versus without thoracic (direct) and extrathoracic (indirect) risk factors, using patient demographics, physiologic, and anatomic injury severity as covariates. Subset analysis was performed for patients with trauma-induced lung contusion (TILC) and for patients with minor (Injury Severity Score [ISS] ≤15) injury. results A total of 2 998 964 patients were studied, of whom 28 597 developed ARDS. From 2011 to 2014, the incidence of ARDS decreased; however, mortality in patients with ARDS has increased. Predictors of ARDS included direct thoracic injury (TILC, multiple rib fractures, and flail chest), as well as indirect factors (increased age, male gender, higher ISS, lower Glasgow Coma Scale motor component score, history of cardiopulmonary or hematologic disease, and history of alcoholism or obesity). Patients with ARDS secondary to direct thoracic injury had a lower risk of mortality compared with patients with ARDS due to other mechanisms. Discussion Despite the decreasing incidence of trauma-induced ARDS, mortality in patients with ARDS has increased. Direct thoracic injury was the strongest predictor of ARDS. Knowing specific contributors to trauma-induced ARDS could help identify at-risk patients early in their hospitalization and mitigate the progression to ARDS and thereby mortality. Level of evidence Prognostic study, level III.
bACkgrounD
Worldwide, for people under 45, trauma is the leading cause of death and disability. 1 In patients who develop multiple organ failure, acute respiratory distress syndrome (ARDS) is the most frequent manifestation. Despite improvements in respiratory intensive care during the past several decades, ARDS is still associated with substantial mortality (25%-60% ARDS alone and 50%-80% when associated with multiple organ failure), morbidity, and costs. [2] [3] [4] [5] [6] [7] [8] [9] [10] Far fewer investigations have studied the risk factors and prognosis in patients with trauma-induced ARDS, as compared with medical or sepsis-affiliated ARDS. 11 The vast majority of investigations that have studied trauma-induced ARDS were either single-institution studies and/or used pre-2007 data sources, prior to widespread adoption of ARDSNet (short for the multicenter ARDS Network) and fluid resuscitation best practices. 1 12-24 Moreover, less is known regarding the risk factors for the development of ARDS in non-severely (Injury Severity Score [ISS] ≤15) injured trauma patients as these patients have frequently been excluded from previous studies. 22 [25] [26] [27] [28] [29] [30] [31] [32] Furthermore, existing studies of predictors of trauma-induced ARDS have reported conflicting findings. One example is older age, which is a consistent risk factor for the development of ARDS; however, after accounting for injury severity and comorbidities, its independent association has been inconsistent. 1 17 29 33 34 Additionally, reports of the relationship between trauma-induced ARDS and mortality have been inconsistent. 1 3 13 35 Patients with ARDS have a higher raw mortality rate, but typically are also more severely injured and have additional comorbidities. Two retrospective single-institution studies called into question the effect of ARDS on trauma mortality, highlighting a key unknown in our field. 13 35 The question of high mortality in patients with ARDS and its relation to the trauma itself or to extrathoracic factors (such as overall injury severity or patient comorbidities) remains unanswered.
Given the significant impact of ARDS on clinical outcomes and costs, recent calls have been made for large observational studies to assess the potential predictors for ARDS. 36 A more complete understanding could facilitate early identification and prompt treatment to improve survival. In this study, we sought to evaluate predictors of trauma-induced ARDS and mortality in patients with ARDS, using a large national database of US trauma patients from 2009 through 2014. We hypothesized that trauma-induced ARDS occurs along the entire burden of injury severity, and direct thoracic risk factors (vs. extrathoracic risk factors) are most strongly associated with developing trauma-induced ARDS.
MeThoDs

Data collection
The data source for this study was the American College of Surgeons National Trauma Data Bank (NTDB), which is the largest trauma registry in the USA. 37 It includes patient and hospital data on traumatic injuries and clinical outcomes for more than 700 trauma centers. 
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Participants
Patient-level data were obtained from the NTDB from January 1, 2009 through December 31, 2014. The inclusion criteria were as follows: age ≥16 years, at least one valid International Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM) trauma code (range, 800-959.9), and admission to a US trauma center for definitive care. The exclusion criteria included patients with no signs of life at initial evaluation (emergency department [ED] systolic blood pressure [SBP]=0, pulse=0, Glasgow Coma Scale [GCS] score=3) or patients transferred for definitive care.
Measures
We used the NTDB data dictionary's definition of acute lung injury (ALI)/ARDS. 38 Briefly, the definition encompassed sudden severe lung failure characterized by an arterial oxygen tension:fractional inspired oxygen (PaO 2 :FiO 2 ) ratio of <300 mm Hg, bilateral fluffy infiltrates seen on frontal chest radiography, and the absence of clearly demonstrable volume overload (as signified by pulmonary wedge pressure, if measured, of 18 mm Hg, or by a similar surrogate such as echocardiography). Because our study's data period began before the adoption of the Berlin definition of ARDS in 2012, we elected to use the American-European consensus conference definition of ARDS. 39 For rib fractures, we used the following ICD-9 codes: rib fracture not otherwise specified-807, 807.0, 807.00, 807. Direct thoracic risk factors included the number of rib fractures, presence of flail chest, and TILC. Indirect extrathoracic risk factors included preinjury alcohol use and drug (prescription and illicit) use, time (minutes) from dispatch of emergency medical services to arrival in the trauma bay, ISS, lowest ED SBP, respiratory rate, oxygen saturation, temperature, and GCS motor component score. Alcohol use was recorded as not tested, no-confirmed, below 0.08, and above 0.08. Drug use was recorded as not tested, no-confirmed, yes-prescription, and yes-illegal. Preinjury alcohol and drug use were of interest because it is possible that, due to concerns for withdrawal, these patients had prolonged hospital stays and were at higher than average risk for oversedation and pulmonary complications. The most aberrant ED vital signs during the first hour of ED arrival are a marker for disease severity, and therefore these were evaluated for their association with subsequent development of ARDS. GCS motor was used instead of GCS total as a large portion of the NTDB is missing GCS verbal, and therefore it is common practice when conducting NTDB observational studies to use GCS motor. A prolonged time from dispatch of emergency medical service to arrival in the trauma bay may be a marker for rurality or prolonged prehospital interventions, signifying more severely injured patients, and therefore was included in the analysis. Finally, ISS is a marker of disease severity and thus of interest.
Comorbidities of interest included medical history of alcoholism, 20 40 bleeding disorder, 1 14 32 congestive heart failure (CHF), 41 42 current smoker, 40 diabetes mellitus, 43 44 history of angina within 30 days, 43 history of myocardial infarction, 41 43 hypertension requiring medications, 44 obesity, 16 24 and history of respiratory disease. ARDS, acute respiratory distress syndrome; ED, emergency department; EtOH, preinjury alcohol consumption; GCS, Glasgow Coma Scale; NOS, not otherwise specified; SBP, systolic blood pressure. Table 1 Continued
statistical methods
A retrospective cohort study was performed using multilevel logistic regression to ascertain factors associated with the development of ARDS. For descriptive purposes, data were expressed as the mean and SD for continuous variables and as percentages for categorical variables. Student's t-tests and Pearson χ 2 tests were used in the preliminary analyses. For our main analysis, the primary outcome was development of ARDS. A multilevel mixed-effects logistic model was used, which accounted for hospital-level random effects. To account for missing data, we used the multiple imputation (mi) suite of commands, with five imputations for each missing value. We excluded variables with more than 35% missing values. 46 To assess for potential effect modification, we considered all clinically relevant pairwise interaction terms, that is, TILC and history of respiratory disease. Subgroup analysis included stratification by TILC. We set alpha at 0.05, two-tailed. To assess model performance, we used the C-statistic. For all statistical analyses, we used Stata MP V.15.
The secondary outcome was all-cause in-hospital mortality. Predictors of mortality in patients with ARDS were investigated by generating a multilevel mixed-effects logistic model with hospital-level random effects.
resuLTs
Within the 2009 to 2014 NTDB database, records were available for 4 712 440 patients (figure 1). After we applied our inclusion and exclusion criteria, 2 998 964 patients were eligible for the study, of whom 28 597 (1%) developed ARDS. Of these patients, 5888 had an ISS ≤10, 8011 had an ISS ≤15, and 20 586 had an ISS >15. The incidence of trauma-induced ARDS was greatest during 2009 to 2011 (1.3%-1.4%) and decreased thereafter to 0.5% in 2014. Yet mortality in patients with ARDS increased during the study period, from 21.2% in 2009 to 27.8% in 2014.
The characteristics of patients who developed ARDS are shown in table 1. The age category with the highest percentage of ARDS was 46 to 65 years. Men were considerably more likely to develop ARDS than women, with 73.5% of the cases. Whites were more likely to develop ARDS, as were patients with Medicaid and private insurance. Extrathoracic risk factors associated with ARDS were acute intoxication on arrival in the trauma bay, preinjury illegal and prescription drug use, higher ISS, ED hypotension, ED hypothermia, and lower GCS motor component score. Thoracic risk factors that were more prevalent in patients with ARDS were multiple rib fractures, TILC, and flail chest. Comorbidities associated with ARDS included history 
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DIsCussIon
To our knowledge, ours is the largest study evaluating the predictors of developing ARDS and mortality in trauma patients, and one of a few studies evaluating trauma-induced ARDS across multiple institutions using post-2007 data. 1 12-24 Furthermore, this is one of the few studies investigating ARDS in patients with an ISS ≤15. Using a large national trauma database, we identified and characterized patients who developed ARDS after a traumatic injury. Our key findings are as follows. First, the overall incidence of ARDS has decreased; however, mortality in patients with ARDS has actually increased in trauma patients. Second, ARDS is not a disease process of severely injured patients alone; in our study, nearly a third of the patients with ARDS had an ISS ≤15. Third, the strongest risk factors for the development of ARDS were direct thoracic injury and a history of cardiopulmonary or hematologic disease and alcoholism. Fourth, although TILC was an independent risk factor for the development of ARDS, on subgroup analysis, patients with or without TILC had relatively similar risk factors for the development of ARDS (table 3) . Fifth and finally, mortality in patients with ARDS was due not to direct thoracic injury but rather to patient-level factors such as older age, male gender, more severe injury, and certain comorbidities (table 5) .
In our study, we identified a 1% overall incidence of ARDS in US trauma centers. Some reports have indicated that the incidence has remained unchanged during the past decade. But according to the majority of the literature, the incidence of trauma-induced ARDS has decreased-a finding that aligns with our clinical experience and findings in this study. 23 47-49 The decreased incidence is likely due to improved resuscitative and critical care strategies developed during the past two decades. ED, emergency department; EtOH, pre-injury alcohol consumption; GCS, Glasgow Coma Scale; ISS, Injury Severity Score; NOS, not otherwise specified.
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Table 4 Continued
Key areas of clinical improvement include widespread adoption of lung-protective strategies for mechanical ventilation and of restrictive fluid strategies for resuscitation. Our data strengthen the claim that trauma-induced ARDS incidence is decreasing over time in the USA. ARDS is not a disease process of just the severely injured; we observed nearly one-third of patients who developed ARDS had an ISS ≤15. Given this finding, we included patients with an ISS ≤15 in our analysis, which also accounts for the low incidence of ARDS identified in this study. This finding is important, as previous studies on trauma-induced ARDS have excluded this population from analysis. 22 25-32 Risk factors were significantly different for developing ARDS in patients with minor (vs. major) injury. Patients who developed ARDS with major injury were more likely to have direct thoracic injury, perhaps contributing to their elevated ISS via an increased AIS chest score. Surprisingly, patients who developed ARDS with minor injuries were more likely to be older (>46 years old) and have multiple comorbidities. There is much interest in better understanding the role patient comorbidities play in the development and management of patients with ARDS, as nearly all ARDS clinical trials and epidemiologic studies since 1998 have excluded patients with major comorbidities. 50 In this study we identified that patients with a history of alcoholism, bleeding disorders, and cardiopulmonary comorbidities after minor trauma were more likely to develop trauma-induced ARDS than patients after major trauma (table 4) . Future research is needed to investigate the effect of patient comorbidities on the development of trauma ARDS and how the presence of specific patient comorbidities influences current ARDS prevention strategies.
Central to this study's objective, we have identified that the direct thoracic factors-flail chest, multiple rib fractures, and TILC-are significant contributors to the development of ARDS. Multiple studies have documented an inconsistent correlation between the volume of TILC and the development of ARDS. 51 These suggest interactions with other factors occurring around the time of injury may be involved in the development of ARDS. In our subgroup analysis, stratified by TILC, we found that patients with or without TILC had relatively similar risk factors for the development of ARDS. The presence of significant injury burden, represented by an elevated ISS and low GCS motor component score, was identified as an important extrathoracic predictor of ARDS. It is likely that contribution from a robust systemic inflammatory response resulted in the deterioration of lung function, as observed with experimental data in animals and in human subjects with additional risk factors. 52 53 Similarly, the possibility of additional insults to the lung such as aspiration-induced lung injury seen frequently as a complication of low GCS score from TBI accounts for the deterioration of lung function to a full-blown ARDS. Our laboratory has shown in small animals a combination of aspiration-induced lung injury when added to TILC produces a synergistic increase in lung injury and inflammation. 54 Additionally, elderly age, male sex, illegal drug use, history of alcoholism, bleeding disorder, cardiac history, obesity, and respiratory disease were the most significant predictors for the development of ARDS in trauma patients. These findings supplement those of previous studies that also aimed to identify risk factors in trauma patients. 1 13 17 29 33 35 Previous studies have suffered from many limitations. For example, the majority of multi-institutional studies performed used pre-2007 accrual periods, before the widespread implementation of critical care practices devised by ARDSNet (short for the multicenter ARDS Network initiated by the National Heart, Lung, and Blood Institute of the National Institutes of Health), with the majority of studies published using post-2007 patient data being single institution in nature. 1 12-24 Additionally, previous studies included a relatively limited number of patients with ARDS, as compared with our study's 28 597 patients. 1 13 17 29 33 35 In our study, 22% of the patients with ARDS died while hospitalized. The precise incidence of mortality in patients with ARDS has generated much controversy. 13 15 35 55 We found that mortality in patients with ARDS has increased over time in the USA, strengthening the claim that mortality is not declining. Although ARDS is considered an independent risk factor for mortality in trauma patients, the contribution of associated injuries and comorbidities to mortality is unclear. 13 35 Predictors of mortality in our study patients included extrathoracic risk factors as a higher ISS and a lower GCS motor component score. Patient characteristics associated with higher mortality included increased age, male gender, and non-Medicaid insurance status. Comorbidities associated with higher mortality include a history of bleeding disorder, CHF, and diabetes mellitus. We found that patients with ARDS secondary to direct thoracic injury (including TILC, flail chest, and rib fractures) had improved survival, as compared with ARDS due to other mechanisms. This finding suggests that the nature of the inflammatory response to direct thoracic injury (vs. to extrathoracic risk factors) is distinctly different. It is well known that in basic research of direct and indirect risk factors, the mechanisms, nature of inflammatory attribute, type of cellular and cytokine response, and healing are entirely different. 56 57 We propose using the stratification of direct thoracic and extrathoracic risk factors as a methodology in the future to evaluate risk factors in studies involving trauma-induced ARDS.
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This study has several limitations, the major one being its retrospective study design. We were also limited by the elements within the database, which did not include such relevant information as the units of blood products, the volume of crystalloid solutions, or the patient's cause of death. Additionally, the NTDB does not differentiate between ALI and ARDS; thus, this study may overestimate the clinical burden of ARDS as it includes patients with a PaO 2 :FiO 2 ratio of 200 to 300 mm Hg in the definition of ARDS. Although in-hospital mortality was reported, no follow-up information was available regarding patient survival after hospital discharge.
ConCLusIon
ARDS is a complex disease process occurring across the entire spectrum of injury burden. Despite the decreasing incidence of ARDS, mortality in patients with ARDS has increased. In our study, direct thoracic injury was the strongest predictor of trauma-induced ARDS. Distinct demographic, comorbid, extrathoracic, and thoracic predictors were identified for trauma-induced ARDS and mortality in patients with ARDS. The recognition of specific thoracic risk factors in trauma-induced ARDS has the potential to identify at-risk patients early in their hospitalization and mitigate the progression to ARDS and thereby mortality. Future research should be directed at implementing therapeutic strategies to mitigate the development of ARDS among subsets of trauma patients with identifiable risk factors.
